Abstract OBJECTIVES: Our objective was to evaluate the impact of reimplantation techniques of the supra-aortic branches in total arch replacement on the rates of permanent neurological deficit (PND) and survival.
INTRODUCTION
Stroke has emerged as the single most important factor influencing outcome after aortic surgery. Advances in perioperative management over the past decade have lowered the incidence of other complications traditionally associated with large cardiac procedures such as myocardial failure and bleeding [1] . Moreover, the incidence and extent of perioperative stroke in aortic surgery have a large impact on the patient's quality of life once the aneurysm has been successfully repaired [2] . Results after open surgical replacement of the entire aortic arch are greatly influenced by the underlying disease, whether the patient shows a dilatative form of aneurysmal disease as seen in connective tissue disorders or if the underlying disease is mostly atherosclerotic. In a series focusing on arch surgery in patients with Marfan disease, the rate of permanent neurological deficit (PND) for those undergoing total arch replacement after previous aortic surgery was zero despite the complexity of patients [3] . Whereas intraoperative adjuncts such as hypothermic circulatory arrest (HCA) and selective antegrade perfusion have certainly improved outcomes after open arch replacement, a substantial risk for perioperative stroke remains [4] . An isolated aneurysm of the aortic arch is rare, and most arch aneurysms that ultimately lead to surgical intervention are caused by aneurysms or dissections of either the ascending or the descending aorta that at some point extend into the arch. Therefore, arch replacement is usually only part of the treatment of complex, multisegmental aortic disease [5] .
Replacement of the entire aortic arch can either be performed by reanastomosing the supra-aortic branches en bloc as an 'island' or the branches can be reimplanted separately, either directly or using an interposition graft. In recent years, the trend has been towards replacing the entire aortic arch during an initial procedure using the frozen elephant trunk (FET) technique to facilitate further interventions on the downstream aorta. The fact that some devices are only available with a quadrifurcated graft [6] has again fuelled the discussion about which technique is preferable. Data from patients with connective tissue disorders have shown that the residual aortic tissue left during en bloc reimplantation of the supraaortic branches will dilate over time and may result in the need for reintervention [3] . Nevertheless, selective reimplantation of the supra-aortic branches necessitates more extensive manipulation of these vessels; it has been suggested that the additional manipulation is associated with a higher stroke rate.
Therefore, the purpose of this study was to evaluate the impact of the reimplantation technique of supra-aortic branches in total arch replacement on the rates of stroke and survival.
METHODS

Study cohort
Patients who underwent total arch replacement between 2000 and 2015 who were registered in the ARCH Multi-institutional Database [7] , with either en bloc replacement of the supra-aortic vessels as an island patch or separate reimplantation of these vessels, were included in the analysis. Thirty-seven centres contributed to the database prospectively collected institutional data on patients who underwent aortic arch surgery. The data were cleaned and aggregated; institutional definitions of variables were retained. Follow-up data were collected by each centre separately per local protocols. Record linkage was not available. Neuroprotection strategies included HCA alone, HCA with antegrade cerebral perfusion, HCA with retrograde cerebral perfusion, or HCA with antegrade and retrograde cerebral perfusion, with varying circulatory arrest temperatures. Elective, urgent and emergent cases were included. From this cohort, 686 patients received en bloc reimplantation, and 2659 patients received branched replacement.
Operative methods
Institutional variations existed with regards to operative approach and neuroprotection strategies. Generally, following the establishment of cardiopulmonary bypass, the body is cooled to a targeted hypothermic temperature, after which whole-body circulation is arrested and the aortic arch is replaced. Adjunct antegrade or retrograde cerebral perfusion was used during this period. Descending endoprostheses were deployed as per clinical applicability or institutional preference.
Clinical end points
Mortality and PNDs were the primary outcomes of interest. Mortality was defined as all-cause mortality that occurred intraoperatively, within the same admission postoperatively, or within 30 days postoperatively. Institution-specific definitions of other outcomes were retained. The circulatory arrest temperature was categorized according to definitions previously established by the International Aortic Arch Surgery Study Group [8] .
Statistical analysis
Results are presented as number (%), mean ± standard deviation, or median (interquartile range), depending on the type of data and normality. Percentages were calculated as the proportion of available data. Statistical analyses were conducted with the v 2 test for categorical variables and with the Student's t-test or Mann-Whitney test for continuous variables. The McNemar and Wilcoxon signed-rank tests were used for paired data.
Missing data were managed through multiple imputations, which replaced missing values based on a predictor matrix of non-outcome variables. Twenty multiple-imputed datasets were created to complete non-outcome variables that had at least 70% data available. Each dataset underwent 200 iterative cycles to generate missing values, with predictive mean matching, logistic regression, or multinomial or ordered logit regression used as appropriate for varying data types. All subsequent analyses of imputed datasets followed the application of Rubin's rules [9] .
Propensity score matching was used to balance covariates between the 2 cohorts. A logistic regression model, incorporating age, gender, year and continent of operation, coronary artery disease, peripheral vascular disease, previous cardiac operation, cerebrovascular disease, lung disease, renal dysfunction, Marfan syndrome, urgency of operation, concomitant procedures, use of a descending endoprosthesis, neuroprotection approach, circulatory arrest temperature and arterial cannulation. Patients were then matched one to one using a greedy algorithm and caliper width of 0.2 of the standard deviation of the logit of the propensity score. Balance of covariates was assessed with standardized mean differences. Paired statistical tests were used to analyse outcomes. Matching was performed separately in each imputed dataset, with descriptive results averaged and significance values aggregated according to Rubin's rules. Propensity score-adjusted regression of the complete dataset, using the propensity score as a covariate, was also performed on the complete dataset. Post hoc conditional logistic regression analysis, with patient pairs as clusters, was performed to reconcile differences between matched and regression results. Event-free survival was calculated by Kaplan-Meier methods with the stratified log-rank test used to calculate differences in survival with patient pairs entered as strata. All P-values less than 0.05 were deemed to be significant. All statistical analyses were performed using R (version 3.2.5, R Core Team, Vienna, Austria) or SPSS (version 23, SPSS Inc., IBM Corp., Armonk, NY, USA).
RESULTS
Preoperative and intraoperative data
Overall, 3345 patients were included in the present analysis. Significant variations in temporal and geographical practice existed between both cohorts, with the en bloc group typically operated on in earlier years and more frequently in Europe. The en bloc cohort was also slightly younger and had a greater proportion of aortic dissections. Similar proportions of emergent and elective procedures were seen in both groups, though a statistical difference existed. Differences in perfusion and neuroprotection strategies were also seen between the 2 groups (Table 1, Supplementary Material, Table S1 ). Durations of cardiopulmonary bypass time and lower body circulatory arrest time were similar in both cohorts, although brain circulatory arrest time was reduced in the separate reimplantation group.
Overall and propensity matched outcomes
The unadjusted mortality rate was significantly higher for the en bloc cohort compared to those who received separate reimplantation (15.5% vs 9.8%, P < 0.001), as well as for low cardiac output syndrome and bleeding. There were no significant differences in temporary neurological deficit or spinal cord injuries. Propensity score analysis, also balanced for year and continent of operation, identified 461 matched patient pairs. Although neuroprotection strategy was included as a balancing covariate, its standardized mean difference was 14.9% despite similar aggregated frequencies. The standardized mean difference for the covariates ranged from 1.8% to 7.4%, demonstrating appropriate balance. No significant differences in clinical outcomes were seen between the 2 matched cohorts, with comparable rates of mortality (P = 0.710) and PND (P = 0.231) ( Table 2) .
Separate reimplantation was not associated with death on multivariable logistic regression, but it was associated with an increased risk of PND [odds ratio (OR) 1.56, 95% confidence interval (CI) 1.06-2.29; P = 0.023] ( Table 3) . Propensity-adjusted regression identified a similar risk for PND with separate reimplantation (OR 1.50, 95% CI 1.01-2.23; P = 0.047), although subsequent conditional logistic regression, stratified by matched pairs, did not indicate any significance (OR 1.37, 95% CI 0.83-2.24; P = 0.20).
Long-term outcomes
Survival data were available for 85% of patients, with 497 patients either lost to follow-up or missing data for long-term survival. Overall survival rates at 1, 2, 3 and 5 years were 78.5%, 75.6%, 73.5% and 67.0%, respectively (Fig. 1) . No significant differences between survival were seen between the 2 matched cohorts (stratified log rank P = 0.35).
DISCUSSION
Although the additional burden of replacing the entire aortic arch as an adjunct to elective or emergent proximal repair is not well defined, more recent data suggest that total arch replacement can be performed with moderate additional risk. In 2009, Uchida et al. [10] published one of the few reports comparing hemiarch replacement with an open distal anastomosis to total arch replacement with implantation of a FET. In 120 patients presenting with acute Type A dissection, mortality was only 4% with no new cerebral events and 95% survival at 5 years in the FET and 69% in the hemiarch group.
A Chinese-American collaboration focusing specifically on patients with Type A dissection and an entry tear in the arch analysed 104 patients who underwent the FET technique and total arch replacement and compared them with 728 patients undergoing surgery for Type A dissection with entry tears elsewhere.
Operative mortality was 8.6% with a 2.9% paraplegia rate. The stroke rate was surprisingly low at 1.9%. In this series, survival and freedom from late adverse events were 89% and 85% at 8 years, respectively, after a mean follow-up of 5.6 ± 2.6 years.
Compared to other series, the time from onset of symptoms to surgery was long at 4.7 ± 3.5 days. Furthermore, computed tomographic results after a mean of 4.6 ± 2.9 years postoperatively were available only for 65 patients but showed complete obliteration of the false lumen in 63 patients. The authors concluded that Type A dissection with entry in the arch can be treated safely by the FET procedure and total arch replacement and provides durable results [11] . Unfortunately, detailed data comparing outcome variables in en bloc reimplantation and branched reimplantation of the supra-aortic branches are not available. Techniques to replace the aortic arch vary widely and have changed considerably over time in each institution. These changes are reflected in the data submitted to the ARCH registry and represent the weaknesses and the strengths of this database. Obviously, not every patient has a stroke after arch surgery, and large numbers are needed to find differences in outcomes with different techniques. It is only in a database with many different approaches used that we can tease out differences between 2 distinct technical approaches. One centre would never be able to find differences between these 2 approaches, even if they existed. In a large Japanese series with 423 patients undergoing total arch replacement using a 4-branched graft, PND occurred in 3.3% of patients, whereas the mortality rate was 4.8% [12] . These results are in line with data from other Asian groups, such as a series from the Okita group with 1007 patients, 3.5% PND and 4.5% overall mortality rate (9.6% in emergency and 2.1% in elective patients) [13] . As has been reported previously, Asian groups tend to advocate a more aggressive approach and mostly recommend total arch replacement during initial surgery for Type A dissection. Whether this approach is also due to a more favourable anatomy in the Asian population and a more pronounced atherosclerotic burden in Western countries that increases the risk for stroke during total arch replacement is under discussion. In the current analysis, where the surgery was performed emerged as a risk factor for death, indicating different patient populations. In the current study, when normalized to the mortality rate in patients undergoing surgery in Asian-Pacific centres, the odds-ratio for patients undergoing surgery in European centres was 2.5 times higher (OR 1.0 vs Europe, OR 2.5; P < 0.001). Even results from experienced centres varied widely depending on the patient population and the actual extent of aortic arch replacement. In a series from the United States that included 733 patients undergoing arch surgery, 16% of patients had acute dissection and 20% had total arch replacement. The stroke rate was 2.8% and the mortality rate was 9.7% [14] . In the Houston experience with 489 patients, which compared total arch replacement with limited proximal arch repair, the stroke rate was 8.2% vs 10.5% in the acute setting [15] . In the latter series, the supra-aortic vessels were implanted en bloc. In a series from the Coselli group with 119 patients, looking at arch reinterventions only, the permanent stroke rate was 5.9% and the mortality rate was 8.4% [16] . This series exemplifies the difficulties in analysing the specific outcome depending on the mode of reimplantation of the supra-aortic branches; the authors described their technique in detail, but a multitude of different approaches were used depending on the underlying disease and the surgeon's preference. Nevertheless, the overall results are comparable with other series from the United States such as the Mayo Clinic experience with 168 patients undergoing total arch replacement after previous cardiac surgery, a permanent stroke rate of 5.4% and a mortality rate of 8.3% [17] . European groups, such as that from Bologna, Italy, reported permanent stroke rates from total arch replacement for acute dissection of 7.5% with a 22.6% mortality rate [18] . Interestingly, in this series, the rate of strokes was higher in patients in whom only the proximal arch was treated (9.1%). The same group also reported on aortic arch reinterventions in 154 patients with a permanent stroke rate of 4.5% and a mortality rate of 11.7% [19] . Unfortunately, the authors did not elaborate on how the supra-aortic branches were reimplanted. The Hannover group was instrumental in developing an FET prosthesis with a branched graft. In their series with 100 patients using the Thoraflex device (Vascutek, Renfrewshire, Scotland), the overall stroke rate was 9%, whereas it was 14% in patients with acute dissection, 10% in patients with chronic dissection and 3% in patients presenting with aneurysms [20] . The overall mortality rate was 7%. Because severe stroke or intracranial bleeding is a major contributor to in-hospital deaths, it is difficult to compare stroke rates between centres without knowing how many deaths were due to neurological events.
Considering the above-mentioned results, it seems that permanent stroke rates in patients undergoing total arch replacement range from about 3% in elective patients, 5% in redo cases and up to 15% in patients with acute dissection. Whereas 56.9% of patients in the current study underwent elective surgery, the rate of PND is at the upper limit of what could be expected, with 8.8% in patients with en bloc reimplantation and 7.1% in patients with separate reimplantation of the supra-aortic branches in the overall cohort and 9.2% and 12.1% in the matched-pairs group. To reconcile differences between the propensity matched and logistic regression analyses with the conflicting findings regarding the influence of separate reimplantation on stroke rates, we performed a subsequent conditional logistic regression analysis within the propensity matched cohort. No significant difference was found with this post hoc analysis. Several factors may explain this discrepancy. First, even though propensity score methods purport to have several statistical advantages over multivariable regression, the former approach produces slightly more conservative measures of association [21] . Second, it is important to note that, due to imbalances in cohort numbers, over 70% of patients could not be matched and therefore were discarded from the analysis, resulting in reduced statistical power. In a systematic review of 43 studies that described associations between exposure and outcome, 10% of analyses had discrepancies of significance between regression techniques and propensity score techniques [21] . At present, there are no standards to determine which of these 2 approaches offers the true results.
The mortality rate is also in the upper range of what has been recently reported in the literature: 15.5% of patients died after en bloc reimplantation, 9.8% of patients with separate reimplantation of the supra-aortic branches in the overall cohort and 15.6% and 15.7% in the matched-pairs group. Following matching, we noted an increase in the proportion of redo operations, the use of FET procedures and other factors that increased the risk profile of patients in the matched cohort, therefore increasing the mortality rate.
The differences in results before and after propensity-score matching show the extent to which the rates of mortality and stroke depend on patient characteristics. The current report of the ARCH registry is certainly not perfect regarding the heterogeneity of the techniques used, but it is probably the best evidence currently available concerning an important topic in aortic surgery that is notoriously difficult to evaluate.
Limitations
This study has some key limitations. Firstly, the ARCH Multiinstitutional Database is limited by the inherent drawbacks of any retrospective database, including heterogeneities in key clinical definitions, patient selection, presence of missing data and quality of data. Although we have attempted to account for some of these limitations through statistical means, a robust analysis with prospectively collected data, ideally in a randomized design, is required to corroborate these findings. Secondly, several key variables have not been captured within this database, such as key technical steps and brain perfusion parameters, which limit the robustness of the analysis. Finally, many centres often preferentially have a single operative approach, in terms of either neuroprotection or technical approach, with skills refined through years of experience. Such experience adds a significant confounder to interpreting clinical outcomes that is difficult to isolate.
CONCLUSION
Although the current study is limited by the inherent shortcomings of retrospective registry data analysis, we were able to perform extensive propensity score matching due to the large number of patients enrolled in the registry. The current data suggest that the choice of reimplantation technique does not affect the 30-day mortality rate or the long-term survival rate. Nevertheless, separate reimplantation of the supra-aortic branches is a significant predictor of stroke in logistic regression analyses based on the entire cohort, although comparable stroke rates were observed in the matched cohort. The current trend towards separate reimplantation of supra-aortic branches may expose certain subgroups of patients to increased risk of stroke, e.g. those with a high atherosclerotic burden.
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